The supersymmetric particle spectrum is calculated in type I string theories formulated as orientifold compactifications of type IIB string theory. A string scale at an intermediate value of 10 11 − 10 12 GeV is assumed and extra vector-like matter states are introduced to allow unification of gauge coupling constants to occur at this scale. The qualitative features of the spectrum are compared with Calabi-Yau compactification of the weakly coupled heterotic string and with the eleven dimensional supergravity limit of M-theory. Some striking differences are observed. Assuming that the lightest neutralino provides the dark matter in the universe, further constraints on the sparticle spectrum are obtained. Direct detection rates for dark matter are estimated.
In a generic supergravity theory, the soft supersymmetry-breaking terms are free parameters. On the other hand, if the supergravity theory is the low energy limit of a string theory, these parameters are calculable in principle in terms of the fewer parameters characteristic of string theory. Once the soft supersymmetry-breaking terms have been determined the renormalization group equations may be run from the string scale to the electroweak scale to derive the sparticle spectrum. Such calculations have been performed in the context of the weakly coupled heterotic string in the large modulus limit of Calabi-Yau compactifications [1] , of orbifold compactifications of the weakly coupled heterotic string [1, 2] and of the eleven dimensional supergravity limit of M-theory corresponding to the strongly coupled heterotic string [3, 6] . Here we extend such calculations to scenarios motivated by type I string theories constructed as orientifold compactifications of type IIB string theory [9, 10] . A novel feature of type I theories is that the string scale is a function of the Planck scale and the compactification scale and can, in principle, lie anywhere between about 1TeV and 10
18 GeV [11] - [14] . A rather natural possibility is for the string scale to be at an intermediate scale of order 10 11 GeV. Type I theories possess an elegant mechanism for this to occur which may be summarized as follows. It is possible to construct type I theories in which the observable gauge group and quark and lepton matter are associated with 9-branes and 5-branes while supersymmetry is broken directly in non-supersymmetric anti-5-brane sectors. The scale of supersymmetry breaking in the anti-5-brane sector is the type I string scale M I and the supersymmetry breaking will be transmitted gravitationally to the observable sector. We then expect masses for the supersymmetric particles of order M 2 I /M P where M P is the Planck mass. For sparticle masses of order 1TeV we have M I ∼ 10 11 GeV. In a string theory, unification of (tree-level) gauge coupling constants will occur at M I .
Our purpose here is to study the consequences of such an intermediate string scale for the sparticle spectrum, and for dark matter assuming that the lightest neutralino provides the dark matter in the universe. A novel sparticle spectrum can develop because the renormalization group equations are being run between the electroweak scale and an intermediate scale rather than a scale of order 10 16 GeV and because unification of gauge coupling constants at M I may require extra matter (vector-like) between the electroweak scale and M I . There is some overlap with the work of Abel et al. [15] which appeared in e-print when our work was close to completion. However, we consider some choices of extra matter to achieve intermediate scale unification and some choices of Goldstino angle which differ from these authors and also explore the possibility of an unconventional normalization of the U(1) of the standard model, which is common in type I theories. We also study the implications of the sparticle spectrum in type I theories for dark matter.
We shall study two scenarios which illustrate how far the type I sparticle spectrum can differ from the sparticle spectrum obtained in Calabi-Yau compactifications of the weakly coupled heterotic string and from the eleven dimensional supergravity limit of M-theory corresponding to the strongly coupled heterotic string. In the first scenario (I a ), the additional matter, taken to have mass small on the intermediate scale but large compared to "observable" matter, is taken to be 2L + 3E R vector-like representations, where L is an SU L (2) lepton-like doublet and E R is an SU L (2) singlet with the quantum numbers of the right-handed electron [16] . Unification of gauge coupling constants then occurs at about 10 11 GeV with the standard normalization g [9] with this latter property, though the model does not have all the properties discussed in the next paragraph.
The soft supersymmetry-breaking terms for type I theories are known where the observable sector gauge group and all observable sector matter are associated with 9-branes, 5-branes or open strings linking 9-branes to 5-branes, and all 5-branes sit at the orbifold fixed point at the origin, so that duality transformations can be exploited to the full. We shall consider the case where there are only 5 i -branes for one value of i, say 5 3 -branes, where i labels the complex compact dimension wrapped by the 5-brane, and where there is a single overall modulus T . We shall also assume that the observable gauge group is entirely in the 9-brane sector and the cosmological constant V 0 is zero, so that C = 1 in the notation of Brignole et al [1] , and that the CP violating phases α S , α T are zero. Then, the soft supersymmetry-breaking terms are universal and the same as in the large T limit of the Calabi-Yau compactification of the weakly coupled heterotic string
where M 1/2 , m 0 and A are the observable sector gaugino mass, scalar mass and trilinear scalar coupling, respectively, and m 3/2 is the gravitino mass. The Goldstino angle θ has been introduced by parametrizing the auxiliary fields F S and F T for the dilaton S and modulus T in the form
The one loop effects of twisted sector moduli entering the gauge kinetic function and mixing with the T modulus through a Green-Schwarz term have been neglected. As mentioned earlier, a novel sparticle spectrum can arise when the renormalization group equations are run from an intermediate string scale of order 10 but not for θ = 0, in which case the loop corrections become important.
Our parameters are the goldstino angle θ, sign µ (which is not determined by the radiative electroweak symmetry-breaking constraint) [17] where µ is the Higgs mixing parameter in the low energy superpotential and tan β, the ratio of Higgs expectation values
, if we leave B, the coefficient of the soft bilinear term associated with the Higgs mixing term, to be a free parameter to be determined by the minimization of the Higgs potential. Using (1), (2) and (3) as boundary conditions, the renormalization group equations are run from the unification scale to the electroweak scale and the sparticle spectrum is determined consistently with the constraints of correct electroweak symmetry breaking and experimental constraints on sparticle masses from unsuccessful searches at accelerators. The empirical lower bounds we use are m χ
and mg > 300GeV [15] . Electroweak symmetry breaking is characterized by the extrema equations
and ∆V = (64π
] is the one loop contribution to the Higgs effective potential. Contributions from the third generation of particles and sparticles are included. The chargino mass matrix is
and the neutralino mass matrix is
also, the stau mass matrix is given by
where
We now discuss the qualitative features of the sparticle spectrum for the two scenarios, type I a and I b , described earlier and compare with the eleven dimensional supergravity limit of M-theory corresponding to the strongly-coupled heterotic string and with the weakly-coupled heterotic string in the large T limit of Calabi-Yau compactification.
The results of our calculation of the sparticle spectra arising from the different scenarios are presented in Figs.1,2, 3,4 . We observe that the spectra from both the I a and I b scenarios are insensitive to the Goldstino mixing angle θ. We find also that the choice of sign of µ makes little difference to the spectra. Qualitatively, the principal features are as follows:
• The CP odd Higgs (A 0 ) is much lighter in the I a scenario than the I b . For the most part it is lighter than the lightest stop (st 2 ) in the I a scenario, whereas in I b it is much heavier than (st 2 ).
• The lightest stau (τ 2 ) is also lighter in the I a scenario than in I b . In the former it is closer to the lightest chargino (χ + 1 ), whereas in the latter it is much heavier than (χ + 1 ).
• Moreover, in I a the (χ This has important consequences for dark matter due to coannihilation effects.
• In I a the gluino (g) is almost the heaviest sparticle, whereas in I b it is in the middle of the spectrum (and lighter than A 0 for tan β < 3).
It is of interest to compare these spectra with those arising in other string scenarios. To allow this comparison we present the sparticle spectra for the extreme M-theory limit in Fig.5 , for the large-T limit of weakly coupled string theory compactified on a Calabi-Yau space Figs. 6,7 and for the case of mirage unification [18] , with soft supersymmetry-breaking terms running from 10 11 GeV, in Figures 8, 9 (In the case of mirage unification there is no extra matter, so the gauge couplings are not unified at the string scale; the "mirage" of unification at 10 16 GeV is given by string loop effects.). In the extreme M-theory limit case the Goldstino mixing angle θ = π 2 is not accessible without the scalar mass squared (m 2 0 ) becoming negative at the unification scale, hence breaking the electroweak gauge symmetry in models with the standard model gauge group.
The noteworthy qualitative features of this comparison are as follows:
• The I a spectrum is similar in most respects to that of the extreme M-theory case with θ = . However, in the I a case τ 2 is heavier than χ + 1 for tan β ≤ 25, whereas in the extreme M-theory case it is always lighter than χ + 1 . Furthermore, in the M-theory case, for tan β > 23, τ 2 becomes the lightest supersymmetric particle (LSP).
• Most of the foregoing features are insensitive to the Goldstino angle. However, in the extreme M-theory case [3] with θ = 7π 20
we have m 0 ≪ M 1/2 , the common gaugino mass , whereas for θ = π 4
we have m 0 ∼ M 1/2 and this difference produces some qualitative changes. For example, τ 2 becomes the LSP for tan β > 9 when θ = 7π 20
. Also A 0 is now heavier than when θ = π 4
, and t 2 is lighter than A 0 , as is the case in the I b scenario.
• The spectra deriving from the extreme M-theory limit with θ = π/4 (Fig. 5) are similar in most respects to those deriving from the weakly coupled case with m 3/2 = 100, θ = π 2
GeV shown in Fig. 6 .
• The spectra arising in the mirage unification scenario (with µ > 0) are similar in most respects to those in I a . However, for mirage unification τ 2 is lighter than χ + 1 , whereas it is heavier than χ + 1 in I a for tan β < 25.
• The spectra arising in the two mirage unification scenarios, µ > 0 and µ < 0, are similar in most respects. However, for µ > 0 χ + 1 is always heavier than τ 2 , whereas for µ < 0 χ + 1 is lighter than τ 2 for tan β < 17. Also, for small tan β the masses of A 0 and st 2 are very similar for µ > 0, but very different for µ < 0.
• The weakly coupled heterotic string theory case is very similar to the strongly coupled case with θ = π 4
and α(T +T ) = 2.
Assuming R-parity conservation the LSP is stable, and consequently if it is neutral can provide a good dark matter candidate. We assume that the dark matter is in the form of neutralinos. The lightest neutralino is a linear combination of the superpartners of the photon, Z 0 and neutral-Higgs bosons,
For both I a and I b scenarios the lightest neutralino is the LSP for most of the parameter space and for the mirage unification χ 0 1 is not the LSP only for tan β > 25. For these cases one can calculate the resulting relic abundance.
When the observational data on temperature fluctuations, type Ia supernovae, and gravitational lensing are combined with popular cosmological models, the dark matter relic abundance (Ω LSP ) typically satisfies [19] 
We calculated the relic abundance of the lightest neutralino in the scenarios we have considered using standard techniques [20] . When these results are confronted with the (model-dependent) bounds (10) derived from the observational data further constraints on the parameters m 3/2 , tan β, µ, θ are obtained and these give new constraints on the sparticle spectrum.
Let us start with the I a scenario. We first present the results of a calculation of the relic abundance for the lightest neutralino as a function of the gravitino mass m 3/2 for two representative values of tan β, tan β = 3 and tan β = 10. In Fig.10 we plot the relic abundance for the lightest neutralino versus the gravitino mass, m 3/2 , for θ = π/2 and tan β = 3, µ > 0. The upper and lower limit (10) on the relic abundance constrain m 3/2 to lie in the interval 85 ≤ m 3/2 ≤ 170GeV see Table 1 .. These bounds result in the following bounds on the sparticle masses: 49GeV ≤ m χ 0 1 < 93.5GeV, 89GeV < m h < 105 GeV, 93GeV < m χ ≤ 158GeV and 110GeV < m h 0 < 120GeV. The lightest stau is in the range 114GeV ≤ mτ 2 ≤ 185GeV. For the same value of tan β the total detection rates for a typical 73 Ge detector the total rates are in the range 0.07(2 × 10 −2 ) − 4.8 × 10 −3 (7 × 10 −4 )events/Kg/Day for µ > 0(< 0) respectively. The lightest supersymmetric particle is almost a Bino. In Fig. 11 we plot the relic abundance versus tan β for fixed gravitino mass. From this figure we see that for smaller values for the gravitino mass (i.e the lighter the spectrum) tan β is restricted to small values.
In the I b scenario and for µ > 0 the constraints from (10) have dramatic consequences. As noted earlier there is an almost exact degeneracy of the lightest chargino with the lightest neutralino, Mχ±
Because of this coannihilation effects [21] become important and the resulting relic abundance is very small. Therefore, if the lightest neutralino (which is almost Wino in this case) makes up most of the non-baryonic dark matter in the universe this model is excluded.
In the mirage unification scenario (without extra matter) cosmological constraints prefer a low tan β and gravitino mass. For instance for m 3/2 = 90GeV, µ < 0 the relic abundance is in the range 0.12 ≥ Ω LSP h 2 ≥ 0.01 for 3 ≤ tan β ≤ 8. and the neutralino annihilation cross section is roughly proportional to the neutralino scattering cross section. Thus as the LSP abundance decreases, its scattering cross section generally increases. For Ω LSP h 2 ∼ 0.1 this results in an increased event rate. Thus in this region of the parameter space even if the neutralino cosmic density is insufficient to close the universe, and other forms of dark matter are needed, the prospects of its direct detection in underground non-baryonic dark matter experiments could be enhanced.
This comparatively large direct detection rate is a consequence of the Higgsino component of the lightest neutralino being comparable to or even larger than the gaugino component. As a result the scalar cross section for the scattering of a neutralino with a nucleon through Higgs exchange increases. The scalar nucleon-LSP cross section is given by [22, 23] 
and
In equation (11) m red is the neutralino-nucleon reduced mass, h 0 , H denote the lightest Higgs and CP-even heavier Higgs respectively and α is the Higgs mixing angle. We note also the tan β dependence of the scalar neutralino-nucleon cross section σ nucleon scalar . For high values of tan β the corresponding cross section generically increases. The ellipsis denotes the contribution to the scalar cross-section through squark exchange which we have not written explicitly, although we included it in the calculations [3] . We note that, even if the scalar (spin-independent) interaction is the dominant one, the spin-dependent interaction through Z-exchange is also appreciable in this case since it is proportional to the difference [|N 31 | 2 − |N 41 |] 2 [3] . In summary, the three intermediate scale scenarios studied have sparticle spectra with striking qualitative features which distinguish them from each other and from the M-theory and weakly coupled heterotic string cases. Moreover, the composition of the lightest neutralino differs in the three scenarios. (It is almost Wino for the I b scenario, with a large Higgsino component for the mirage unification scenario, and almost Bino for the I a scenario, as well as for the M-theory and weakly-coupled heterotic string cases.) If we assume that the lightest neutralino provides the dark matter in the universe, constraints on the relic abundance put lower and upper bounds on the sparticle masses in each scenario. Also, the I b scenario is then excluded because coannihilation effects result is a too small relic abundance. Direct detection rates for the lightest neutralino in the I a scenario are similar to those for M-theory and weakly coupled heterotic string models. Interestingly, direct detection rates one or two orders of magnitude larger are obtained in the mirage unification scenario where the lightest neutralino has a large Higgsino component. 
